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ABSTRACT

Ultra-small silicon-based photonic-crystal ring resonators (PCRRS), both passive and active, will be key contributors to
the emerging low-power nanophotonic technology. We have modeled and simulated the diameter-dependent loss, Q,
and FSR of such PCRRs and find a 0.02 dB “intrinsic” loss that is independent of diameter, unlike the ~1/D loss of
micro-strip resonators. Close to 100% drop efficiency at the drop channel of 1557.5nm was obtained by design with a
high spectral selectivity of Q greater than 1319 in the single-ring PCRR-based add-drop filters with ring radius of 1.2
um. Ultra-compact polymer modulators were proposed and simulated, based on the hybrid integration of functional
polymer materials with Si based PCRRs, which can lead to high speed modulators, suitable for photonic integration and
RF photonics.

Keywords: Photonic crystals, ring resonators, silicon modulators, polymer photonics, RF photonics.

1. INTRODUCTION

There is an increasing and largely unfulfilled need for nanometer-scale photonic components, both passive and
active, in intra-chip optical communications and other high-speed, ultra-low-power photonic applications. Some of the
most compact microphotonic components developed for 1550-nm use, such as microring-resonator modulators [1-6],
have a minimum useable diameter (D) of about 25 A/n, where A is the free-space wavelength and n is the refractive
index of the silicon-on-insulator strip (or rib) waveguide from which the ring is made. For the nanophotonic “mission”,
it is desirable to scale D downwards in future versions of the device. However, the 1/D dependence of propagation loss
in the microstrip [5, 7] presents a problem or “roadblock” to scaling [7]. Potentially, the photonic-crystal ring resonator
(PCRR), which has a minimum D of around 5 A/n, presents a solution to this problem-- if it can be shown that the
PCRR insertion loss will be significantly lower than that of a micro- ring which has same diameter. This paper
addresses the PCRR loss issue.

On the other hand, photonic crystals, offer great promise in ultra-compact photonic components. Photonic crystal
add-drop filters (ADFs) have been reported with various defect and cavity configurations, with a single-defect cavity as
the smallest resonators [8-13]. Recently we proposed and reported photonic-crystal ring resonators (PCRRS), with
scalable ring sizes and flexible mode coupling configurations [14]. PCRRs can have a minimum D of around 5 A/n. This
may present a solution to the 1/D dependent loss problem-- if it can be shown that the PCRR insertion loss will be
significantly lower than that of a micro- ring which has same diameter.

We first presents a detailed analysis of radiative waveguide bend loss in single-ring PCRR based add-drop filters
(ADFs), as well as bend loss in micro-strip rings as a function of effective radius from 1 to 15 um at A ~ 1550 nm. The
result is favorable: there is no significant size-dependent loss in the PC structures; in great contrast to the micro strip
structures. A PC resonant cavity with 1 um effective radius has an inherent total loss of 0.02 dB together with a modal
Q factor of ~1300. In addition, the FSR of the PCRR can be tuned dramatically with radius.

We then presents a practical structure based on functional polymer and silicon dielectric rod PCRRs. Polymer-
based modulators have attracted great attention due to their intrinsic high performance like low loss, low birefringence,
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high thermo-optic coefficient, environmental stability, high yields with easy processibility [15, 16]. There’re two
general structures to perform high-speed polymer modulators including Mach-Zehnder Interferometer (MZI) [17, 18]
and micro-ring resonator [19-21] based structure. Traveling wave MZI polymer modulators require several mm ~ cm
long optical path to achieve the desired phase shift, which brings phase matching problems to the RF design because the
electrode length is comparable to RF wavelength. However in microring modulators, the electrode loss is not an issue
and the bandwidth is set by the electrode capacitance since the device is small the electrode size can be much smaller
than the modulation wavelength (even up to 100 GHz [22]) and the device’s high-speed behavior is mainly capacitive.
The hybrid integration of functional polymer materials with Si rods based PCRRs, can lead to ultra-compact, high speed
modulators, suitable for photonic integration and RF photonics. We report here the simulated device characteristics with
an effective ring radius of 2.3 um and tunable polymer index from 1.785 to 1.805.

2. ESTIMATES OF SIZE DEPENDENT INSERTION LOSS IN SI RODS BASED PCRRS

The single ring optical add-drop filter (ADF) is schematically shown in Fig. 1(a), where the incident port and exit
ports are labeled as A, B, C, D, respectively. The structure is based on the square lattice dielectric rods (n,, 3.48)
surrounded by the background of low index materials. The low index materials can be silica or polymer with index of
1.48-1.78, or simply air (n, = 1). Comparable ADF performances can be obtained for both cases. Note that in Fig. 1 (a)
four additional dielectric-rod scatterers (blue color) with the same parameters (size and index) as all other dielectric rods
were introduced to improve the spectral selectivity and drop efficiency [14]. The ratio of the rod radius r to the lattice
constant a, is 0.185. Based on the simulated photonic dispersion curves, the photonic bandgap spans from 1270 to 1740
nm for lattice constant a of 540 nm.

(a) Photonic crystal ring resonators

(b) Micro-strip ring resonators
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Fig. 1 (a) Schematic of photonic crystal ring resonators with effective radius Res defined as shown in the right plot; (b) Micro-
strip ring resonators and the associated radius R.
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We introduce an effective radius concept for PCRR structure based on equivalent area concept, as shown in Fig. 1
(a)(right), with g _(m4pasyz  Where m is the period of dielectric rods enclosed in the PCRR resonator (m = 3 for

the structure shown). By changing the m values, the effective radius changes accordingly. For comparison, ADF based
on micro-strip ring resonators, with similar configuration parameters, is used to simulate the transmission and loss
properties, as shown in Fig. 1 (b), where the effective index is neg = 2.44, strip width and gap size are W = 500nm and t
=100nm, respectively. The lengths of the waveguide buses are kept the same for all cases in these two structures, which
is L = 33.5 um (or 62a for PCRR based ADFs). Ring radius R changes accordingly for size dependent loss analysis.
Generally, there is a trade-off between the increase of the cavity Q and the decrease of the coupling/dropping efficiency
[14]. The coupling strength, i.e., the number of coupling periods between the line defect waveguide bus and the PCRRs,
was adjusted for high drop efficiency. The bus-ring coupling distance changed from two periods for small ring sizes



(e.g., the one shown in Fig. 1a), to three periods when the effective ring radius R of PCRR increased to 2.44 um and
greater (with m>7).

The transmission characteristics were simulated with the two-dimensional finite-difference time-domain (FDTD)
technique using perfectly matched layers (PML) as absorbing boundaries [14]. A Gaussian optical pulse, covering the
whole frequency-range-of-interest, is launched at the input port A. Power monitors were placed at each of the other
three ports (B, C, D) to collect the transmitted spectral power density after Fourier-transformation. All of the transmitted
spectral power densities were normalized to the incident light spectral power density from input Port A. Simulations
were carried out for Silicon PCRR and micro-strip ring resonator based ADFs. Shown in Fig. 2 (a) are the normalized
transmission spectra for three output ports (B, C, D) in the single ring ADFs. Close to 100% drop efficiency at the drop
channel of 1557.5nm was obtained with a high spectral selectivity of Q greater than 1319 in the single-ring PCRR-
based ADFs, with effective ring radius Res of 1.2 um. We determined that the spectral performance reported here is
comparable to or better than that of the micro-strip ring resonators, as shown in Fig. 2 (b), with even large ring radius (R
= 3 um). The field patterns for the drop channels with different ring sizes for PCRRs and for the micro-strip ring
resonators are also shown in Fig. 2 (right). The total normalized power at three output ports (B+C+D)/A is used to
derive the total loss in the ADF devices, in units of dBs. It is worth mentioning that the total loss in the ADF devices
derived here includes both the bending loss associated with small ring radius PCRRs as well as the coupling loss
between the waveguide buses and the PCRRs.
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Fig. 2 Spectral response of single ring add-drop filters based on (a) PCRRs; (b) Micro-strip ring resonators. Shown to the right
are the field patterns for the corresponding drop channels with different ring sizes.

The size dependent loss is shown in Fig. 3, for sing ring ADFs based on PCRR and for the corresponding micro-
strip ring resonators. The lower portion of loss in PCRRs is shown in the inset of Fig. 3 (a zoom-in view). As expected,
the bending loss increases drastically for ring radii less than 5um in micro-strip ring resonators. On the other hand, we
did not see any size dependent bending loss in PCRRs. We believe it is mainly due to the difference in the mode
confinement mechanisms. The mode confinement in strip waveguide is provided by the total internal reflection (TIR)
which leads to significant size dependent mode leakage as the bending radius reduces. In photonic crystal structures, the
mode confinement is provided by the distributed coherent scattering and the photonic bandgap. When we assume that



the PC surface roughness is greatly minimized during PC fabrication, we find that the coherent scattering-and-bandgap
give almost zero bending loss in PC waveguides that have bending angles of 90° and extremely small bending radii.
When roughness is minimized, ultra-compact defect-mode cavities such as the ones reported here can be achieved in
PCs and those cavities will have with extremely high Q and low volume.
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Fig. 3 Size dependent loss in PCRR and micro-strip ring resonator based ADFs. The low bend loss in PCRRs is shown in the
inset.

The size dependent free-spectral range (FSR) values were investigated and compared for both PCRR and micro-
strip ring resonators. One set of the data is plotted in Fig. 4 (a), which is derived from the simulated spectral response
curves, as shown in Fig. 2, for different radii. It is interesting to note that the change in FSR associated with R in
PCRRs follows closely the FSR change for micro-strip based ring resonators. We tried to fit the data with theory. It is
well known for micro-strip ring resonators that the relationship between FSR and ring radius R is[19]:

2 2
FSR(AA) = gn - lzﬂR 1)
(N —A—-)-22R 9
oA

where A is the resonant wavelength, nes and ng are the effective index and group index of the ring, respectively.
Assuming ng = e = 2.44 for the micro-strip ring resonators, the theoretical curve is plotted in Fig. 4(a), which agrees
very well with the data from FDTD simulation.
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Fig. 4 (a) Size-dependent FSRs in micro-strip ring resonators and PCRRs based on FDTD simulation and theory; (b) Group
index in PCRR structures based on the defect mode dispersion curve shown in the inset for the single line-defect bus-
waveguide.



We attempted to use the same equation to find the relations between FSR and effective radius R in PCRR
structures. In addition, we can calculate the ny from the photonic bandgap dispersion curve (frequency @ vs. momentum

x) with the equation: N, = c/vg =¢/(de/ dk), where c is the speed of light in vacuum, v is the group velocity and

can be derived from the dispersion curve for the confined defect mode in the single-line-defect bus waveguide[23]. The
ng result is shown in Fig. 4 (b) for different Res. The dispersion plot for a single line-defect bus-waveguide is shown in
the inset of Fig. 4 (b), which was simulated with the plane-wave expansion technique. Theoretical FSR values were
calculated for each radius with different resonator wavelength and the corresponding group index based on Fig. 4 (b).
As shown in Fig. 4 (a), very good agreement was obtained between theory and FDTD simulation for both structures.

3. PCRR POLYMER/SI MODULATORS

The functional polymer modulator with embedded Si rods PCRR add-drop filter configuration is shown in Fig. 5,
where a disruptive silicon nanomembranes (SiNM) transfer process [24] is used to transfer the modulator structure onto
the low index ITO coated glass substrate. The vertical waveguiding structure is the polymer filled Si rods PCRR core
region sandwiched in between the low index polymer cladding layers. The device design parameters used in our design
is also shown in Fig. 5. Electrical control is based on the bottom transparent ITO electrode and the top high speed
electrode for high speed (RF frequency or greater than 100GHz). The ON/OFF modulator is done via free carrier
injection/depletion induced index change, which leads to the resonance shift.

Top metal contact Au 200 nm
E-O polymer core n=1.785-1.792

Top polymer cladding n=1.78
Polymer/Si Rods PC n=1.78/3.48

Glass/Quartz Substrate (n=1.5)

Top View
Fig. 5 Hybrid integration of functional polymers with Si PCRRs for RF photonic modulators with ultra-compact sizes: 3D,
cross-sectional and top views of device structure based on Si PCRRs.

Using the aforementioned simulation technique, the normalized transmission characteristics were obtained for
polymer based PCRR modulators composed of single line-defect (W1) PC waveguide and single ring PCRRs. The
silicon index is 3.48, the Si dielectric rod radius r is 100nm, and the lattice constant of PC a is 379 nm. Note the
effective radius of our PCRR is only 2.687 um, which reduces the complexity of RF/microwave electrode design due to
optic-microwave interaction region much less than the RF wavelength and thus can achieve high modulation speed. The
optical channel signal propagating through W1 PC waveguide can be modulated by controlling the index of the coupled
PCRR cavity region through electrical contact on top. At the ON state of the modulator, light confined by the photonic
crystal structure travels along the W1 line defect waveguide, while at the OFF state, the PCRR ring defect is tuned to
resonant at the working frequency and no light passes through the W1 waveguide.

Very high spectral selectivity can be achieved for different indices of polymers, as shown in Fig. 6. For an input
signal of 1565.2nm, the modulation depth is about 25 dB with virtually 0dB insertion loss. The corresponding
propagation field patterns are shown in the inset, for ON and OFF states. The drop channel wavelength changes from
1565.2 nm for polymer index of 1.785 (with zero bias voltage), to 1571.8nm for polymer index of 1.805 (with bias
voltage of a few volts), as also shown in Fig. 7(a). The quality factor Q of the filter remains high for these different
indices, with Q values greater than 10°. Such high Q factors is easily achievable for different modes of resonators, as
shown in Fig. 7(b), where the Q factors are all greater than 10° for three types of resonant modes.



These results illustrate the significant potentials associated with PCRRs, for ultra-compact ring resonators, for
diffraction-limited photonic devices with high spectral selectivity, low switching/modulation power, and high
modulation speed.

Normalized transmission (dB)

1550 1555 1560 1565 1570 1575 1580 1585
Wavelength (nm)
Fig. 6 Simulated spectral tuning characteristics for a single channel PC waveguide coupled with a single ring PCRRs embedded in an

index tunable functional polymer material. The propagating field profiles for ON and OFF states are shown in the inset for the
channel with center wavelength of 1565.2 nm at polymer indices of 1.805 and 1.785, respectively.
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Fig. 7 (a) Top view of our Si/polymer PCRR modulator; (b) simulated modulation characteristics where the silicon index, polymer index,
aand r/a are 3.48, 1.78, 0.379 um, and 0.26, respectively.

4. CONCLUSIONS

In conclusion, we have investigated the properties of ultra-compact photonic crystal ring resonators. We prove
there are no intrinsic size-dependent bending losses in PCRR-based structures. A high performance ADF was designed
with effective ring radius of 1.2 um, inherent total loss of 0.02 dB, drop efficiency close to 100%, and Q greater than
1,300. Using the dispersion-related group velocity, we also demonstrate that the free-spectral range in PCRRs has a
similar dependence upon the effective ring radius as the one shown in micro-strip ring resonators. A practical modulator
structure based on the integration of functional polymers with ultra-compact PCRRs was proposed and designed. Very
high spectral selectivity is enabled with high cavity Q. Electrical control of polymer index can lead to high speed
modulation. These findings make the PCRRs an alternative to current micro-ring resonators for ultra-compact WDM
components and high density photonic integration.
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